Abstract Dystonia is a neurologic disorder characterized by sustained involuntary muscle contractions. Lesions responsible for unilateral secondary dystonia are confined to the putamen, caudate, globus pallidus, and thalamus. Dysfunction of these structures is suspected to play a role in both primary and secondary dystonia. Recent evidence has suggested that the cerebellum may play a role in the pathophysiology of dystonia. The role of the cerebellum in ataxia, a disorder of motor incoordination is well established. How may the cerebellum contribute to two apparently very different movement disorders? This review will discuss the idea of whether in some cases, ataxia and dystonia lie in the same clinical spectrum and whether graded perturbations in cerebellar function may explain a similar causative role for the cerebellum in these two different motor disorders. The review also proposes a model for cerebellar dystonia based on the available animal models of this disorder.
Introduction
Dystonia is a neurologic disorder characterized by sustained involuntary muscle contractions, which forcefully distort the body into typical postures [1, 2] . Voluntary movement exacerbates the abnormal movements. Only in severe cases is muscle activity recorded in subjects at complete rest [2] . As lesions responsible for unilateral secondary dystonia are confined to the putamen, caudate, globus pallidus, and thalamus, dysfunction of these structures is suspected to play a role in both primary and secondary dystonia [3] . Primary generalized dystonia lacks clear degenerative neuropathology, making the anatomic substrates for dystonia in these cases difficult to identify [4] . Limited autopsy specimens have been examined from subjects with primary dystonia. In a series of autopsy cases of DYT1 dystonia, the most common inherited form of dystonia that results from mutations in torsinA, neuronal loss was not evident in any brain region [5] [6] [7] . In one report, ubiquitin and torsinApositive inclusions were seen in brainstem neurons, although no neuronal loss was reported [8] . The neuropathology supports a functional rather than degenerative etiology of early onset torsion dystonia. Alterations in neuronal activity in the basal ganglia are seen in patients with primary dystonia [9] .
Several recent lines of evidence have implicated the cerebellum in the pathophysiology of some forms of dystonia. A reduction in cerebellar gray matter has been reported in patients with focal dystonia [10] . A series of patients have been described, with marked focal or generalized dystonia in association with mild cerebellar signs. Imaging in these patients has shown variable cerebellar and brainstem atrophy [11] [12] [13] . Cervical dystonia is more often associated with lesions of the cerebellum and brainstem than lesions of the basal ganglia [14] . Many of the degenerative spinocerebellar ataxias, where the most prominent neuropathology is in the cerebellum, can have dystonia as a clinical feature [15] . Increased metabolic activity in the cerebellum has previously been described in patients with primary dystonias [16] . Structural and functional imaging has suggested the involvement of the cerebellum in both focal and generalized dystonia [17] [18] [19] .
Animal models of dystonia provide further evidence for the role of the cerebellum in dystonia. Genetic causes of dystonia in rodents where the cerebellum appears to be the cause of the motor symptoms include tottering mouse [20] , a splice mutation in the neuronal sodium channel Scn8a [21] , and the genetically dystonic rat [22] . Microinjection of low doses of kainic acid into the cerebellar vermis of mice elicits dystonic postures of the trunk and limbs [23] . The role of the cerebellum in these models of dystonia is suggested by the fact that cerebellectomy in the genetically dystonic rat as well as the tottering mouse abolishes the dystonia [20, 24] . Together, these data suggest that the cerebellum can play a role in producing dystonia.
This review will explore the idea of whether ataxia and dystonia, two very different motor disorders, can lie in a similar clinical spectrum and if so, how the cerebellum could contribute to generation of these different patterns of movement.
Cerebellar Circuits Responsible for Normal Agonist and Antagonist Control
Cerebellar Purkinje neurons (PCs) and nuclear neurons are autonomously active with high baseline firing rates [25, 26] . Furthermore, PC projections, the major input to the neurons of the cerebellar nuclei, are inhibitory [27] . Input into the cerebellum is predominantly through excitatory mossy fibers, which excite PCs through granule cells. Mossy fiber collaterals also directly excite cerebellar nuclear neurons. Bidirectional modulation of PC firing frequency is possible through excitation mediated by parallel fiber synapses and inhibition mediated by cerebellar cortical interneurons [28] . One set of PCs can be excited with simultaneous inhibition of flanking sagittally oriented PCs by a distinct patch of granule cells [29] . Distinct PCs are presumed to receive excitatory input representing distinct agonist muscle groups and inhibitory input from antagonist muscles [30] . Similarly, cerebellar nuclear neurons receive input from distinct groups of PCs, whose inhibitory input would be expected to reduce their firing frequency. Bidirectional modulation of cerebellar nuclear neuron firing frequency would be expected through release of inhibition (and stimulation through mossy fiber collaterals) and increased inhibition through PCs.
Normal Agonist and Antagonist Control by the Cerebellum
Recordings from nonhuman primates performing simple movements, demonstrate characteristic patterns of activity in PCs and cerebellar nuclear neurons. Simple spikes of most PCs occur at high maintained frequencies of about 70 Hz, with the monkey at rest. During flexion and extension movements at the wrist, PC simple-spike frequency alternates between rates higher (up to 400-500 Hz) and lower than the resting rate with a consistent temporal relationship to each successive movement cycle [30] . In a different set of experiments, monkeys were trained to perform a maintained isometric grip of the thumb and forefinger that elicited a contraction of the antagonist muscles of the forearm. During the maintained isometric wrist position, the agonist muscles were reciprocally active or silent. The activity of PCs that were reciprocally active during isometric wrist flexion and extension was related to whether agonist or antagonist muscles were active during the flexion and extension wrist movements [31] . At least a small percentage of PCs exhibit simple spike firing that significantly correlates with the grasp force or rate of force production [32, 33] . Most nuclear cells also fire at high maintained frequencies of~40 Hz under resting conditions. During wrist flexion-extension movements, for a cell related to these movements, the discharge frequency also alternates between rates up to 400 and 500 Hz and lower than the resting rate consistently in time with the movement [30] . In a subset of neurons, correlation coefficients between nuclear cell discharge frequency and the amplitude of the surface electromyographies (EMGs) of the flexors and extensors of the wrist and fingers during the wrist-movement task showed positive correlations with activity in one of the two forearm muscle groups. By contrast, PCs recorded during the same task demonstrated low-order correlations that were negative in sign between discharge frequency and one of the two forearm EMGs [34] . In a different motor task, monkeys tracked a small spot presented on a screen in front of them. While the monkey was tracking, recordings were made from PCs in floccular complex of the cerebellum. Strong correlations were detected between small trial-by-trial variations in the simple-spike activity of individual PCs and the eye movements at the initiation of pursuit [35] . The relationship between PC firing and eye movements can be modeled by an inverse-dynamics representation where PCs contribute dynamic command signals to ocular motor neurons and hence extraocular muscles [36] .
These data suggest that cerebellar neurons increase (or decrease) firing frequency in relation to whether agonists (or antagonist) muscles are active during a motor task. Distinct PC (and downstream nuclear neurons) are likely involved in the timing of agonist and antagonist muscle activity. As the majority of cerebellar nuclear neurons are excitatory, it suggests that an increase in firing of cerebellar nuclear neurons corresponds temporally with facilitation of muscle activity and a decrease in firing frequency reduces facilitation of muscle groups. Although the firing of some PCs correlates positively with muscle activation, it is unclear how these data may be integrated into models of cerebellar control of limb movement [37] . Only a subset of cerebellar output neurons are presumed to directly regulate motor activity of the limb, with others that discharge in relation to joint position, and the direction of the intended next movement [38] . Although some investigators favor the view that the cerebellum solely plans and controls movements in a kinematic framework, without directly encoding force-related parameters [39] , at least a subset of cerebellar output neurons do appear to directly activate muscle groups as evidenced by electrical stimulation of interposed and dentate nuclei in primates [40] . In addition, optogenetic manipulation of PCs in mice shows that inhibiting PC firing can cause muscle contraction [41, 42] . Additionally, an interaction between the cerebellar and basal ganglia motor control systems may allow cerebellar output neurons to influence muscle activity [43, 44] .
Physiological Correlates of Ataxia
In order to understand the motor phenomena of ataxia and dystonia, it is necessary to characterize the disorders at the site of the effectors; i.e., muscle contractions that are the cause of movement. In this section, the patterns of muscle activity in subjects with clinically evident cerebellar ataxia during motor tasks are reviewed. Studies that have looked at agonist and antagonist muscle activity in subjects with cerebellar ataxia have suggested that timing of agonist and antagonist muscle contraction is abnormal. During rapid flexion movements at the elbow, a prolongation of biceps contraction was consistently present [45] . Subjects with cerebellar ataxia performing rapid flexion movements at the elbow, and wrist exhibited hypermetria, more evident for the shortest movements. EMG recordings revealed a variable increase in agonist muscle duration and in the most marked cases there was more gradual development of agonist EMG activity. There was a marked delay in antagonist onset associated with hypermetria, without a change in amplitude or duration of antagonist activity ( Fig. 1) [45] . In other studies, subjects with cerebellar ataxia performing rapid flexion at the elbow, showed either prolongation of agonist activity alone or a prolongation of activity of both agonists and antagonists ( Fig. 1) [46, 47] .
In a reaching task, where the force of gravity provided a sufficient extensor torque to decelerate the limb at the end of the flexor movement, extensor muscles were not active in most trials [48] . In this study, subjects with cerebellar ataxia had prolonged biceps activity. More proximal muscles including the anterior deltoid were activated in this task in both normal and ataxic subjects. In subjects with cerebellar ataxia, anterior deltoid activity was abnormally prolonged. When the task was performed with the shoulder fixed, anterior deltoid activity was nearly absent in cerebellar subjects but not in normal controls. This study suggests that under appropriate testing conditions, in subjects with cerebellar ataxia, antagonist muscles do not activate, and spread of activity to more distant muscle groups may be suppressed. Agonist activity was prolonged in this study as in the other studies described above.
In human subjects, the attribution of specific anatomic areas to the observed motor dysfunction can sometimes be difficult. The described changes in muscle contraction in primates with induced lesions of the cerebellum is, therefore, informative. Recordings of movement parameters and EMG activity of cerebellar dysmetric movements induced in primates by local and reversible cooling of the dentate nucleus enabled a comparison to be made of the normal and abnormal activity of the same motor units [49] . Agonist activity in the biceps during elbow movements was less abrupt in onset and more prolonged and variable in duration. There was a delay in the onset of antagonist (triceps) activity but no change in duration of activity. This corresponded to overshoot and an increase in duration of acceleration and a reduction in duration of deceleration [49] .
The dysmetria seen in human subjects with cerebellar ataxia therefore can be reproduced by focal lesions in the cerebellum in primates and the electromyographic correlates are similar in humans and primates. Agonist contraction is mistimed and more prolonged. Antagonist activity is mistimed, when present, but of either normal duration or prolonged. Fig. 1 Schematic patterns of muscle activity in normal, dystonic, and ataxic subjects during flexion movements at the elbow. a Normal subjects activate the biceps (agonist) followed by the antagonist (triceps). b In some subjects with cerebellar ataxia, agonist contraction is delayed and prolonged. Antagonist contraction is also delayed but is of normal duration. c In other subjects with cerebellar ataxia, both agonist and antagonist activities are prolonged. d In dystonic subjects, agonist contraction is prolonged. Antagonist contraction is premature resulting in co-contraction, as well as prolonged. Modified from [45] [46] [47] 54] 
Physiological Correlates of Primary Dystonia
Numerous studies have established a role for the basal ganglia in dystonia [2, [50] [51] [52] . Dystonic-like posturing can be induced in primates by lesioning or pharmacologic manipulation of the midbrain and basal ganglia [53] . These models are however not informative as to whether and how the cerebellum may contribute to human dystonia. It is therefore important to examine the physiologic correlates of dystonia in human subjects with idiopathic and primary dystonia, where the exact anatomic substrate for dystonia remains undetermined. In subjects with dystonia, a study of rapid elbow flexion movements has shown that movements are slower and more variable. The duration of the first agonist (biceps) EMG burst was longer than in normal subjects moving fast or slow. Patterns of antagonist (triceps) varied from a normal appearance to cocontraction, often with prolonged bursts or tonic EMG activity without recognizable bursts (Fig. 1) . Many subjects also exhibited a spread of activation into muscles such as the pectoralis major, not acting at the elbow joint, a phenomenon described as "overflow" [1, 54, 55] .
In another study, wrist flexion movements were studied in subjects with dystonia, some of whom had a mutation in DYT1, a common cause of early onset primary generalized dystonia [56] and where abnormalities in cerebellar outflow are detected by magnetic resonance diffusion tensor imaging [19] . The initial agonist burst was normal in onset, rise time, and amplitude, and there was no evidence of excessive cocontraction in the antagonist. The principal abnormality in the EMG pattern identified was a reduced rate of rise and attenuated magnitude of the antagonist burst. Decreased antagonist muscle activity was associated with a significant prolongation and decreased peak amplitude of deceleration, yet there was no significant overshoot of the target. Both are normal and dystonic subjects and showed stereotyped patterns of EMG activity in the biceps, triceps, and deltoid muscles, suggesting that overflow of activity to proximal muscles during ballistic movements of the wrist is a common feature of normal movement [57] .
The EMG studies from humans with idiopathic and primary dystonia suggest that the agonist burst is prolonged and the antagonist burst, at least in one study, is premature and prolonged resulting in co-contraction of agonists and antagonists. In certain tasks, there is abnormal spread of activity to remote muscles that are not normally activated, consistent with the phenomenon of overflow.
Can Dystonia Lie in the Same Clinical Spectrum as Ataxia?
In order to determine, whether ataxia and dystonia may share a common physiologic basis and whether under some circumstances, dystonia, if it is of cerebellar origin, represents a more "severe" form of cerebellar ataxia, it is important to more fully examine the physiologic underpinnings of ataxia. A complete loss of function of the cerebellum by ablation or lesioning of cerebellar output nuclei in non-human primates leads to irreversible ataxia of variable severity, with limb and gait ataxia with dysmetria [58, 59] . Focal cooling and inactivation of the cerebellar dentate nucleus produces a similar pattern of abnormally mistimed movements [49] . As a complete loss of cerebellar function mimics the motor changes seen in subjects with cerebellar ataxia, where there are varying degrees of loss of cerebellar neurons in autopsy studies [60] , cerebellar ataxia in these cases may be viewed as a negative phenomenon, with a partial loss of cerebellar function. In at least a subset of models of ataxia, however, the movement disorder may be secondary to a gain of cerebellar function due to abnormal cerebellar activity. In a mouse model of episodic ataxia, PC average firing frequency is unchanged, but more irregular, leading to ataxia [61] . An increase in the average firing frequency of cerebellar output neurons causes profound ataxia in mice [62] . An abnormal gain of cerebellar function may also exist in the spinocerebellar ataxias, where ataxia and dystonia coexist and the most profound morphological changes are in the cerebellum [15] . Recent work in mouse models of these disorders suggest that abnormally increased excitability of cerebellar neurons may in part explain the motor symptoms [63, 64] , indicating that abnormal gain of function of cerebellar neurons may coexist with loss of function due to cerebellar neuronal loss. These data suggest that although clinically similar, cerebellar ataxia may have two distinct underlying physiologic mechanisms, one that involves a loss of cerebellar function and another that involves an abnormal gain of cerebellar function.
As reviewed in prior sections, patterns of muscle activation in subjects with cerebellar ataxia are sometimes variable, with some subjects exhibiting prolonged activity of both agonists and antagonists during motor tasks (Fig. 1c) [46] . In other subjects, however, there is a delay in antagonist contraction that is more severe with worse ataxia severity, but the duration of activity is normal [45, 46] (Fig. 1b) , a pattern that is reproduced by local and reversible cooling of the dentate nucleus in primates. The two different patterns of muscle activity in subjects with cerebellar ataxia performing motor tasks may therefore respectively represent the existence of "gain of function" and "loss of function" ataxias in humans. Interestingly, two of the subjects with cerebellar ataxia with a prolongation of antagonist activity were also reported to have mild dystonia [46] . Although it is unclear whether the origin of ataxia and dystonia in these subjects was from different anatomic sites, it is possible that both the ataxia and dystonia originated in the cerebellum in these subjects. In ataxias presumed to be due to loss of cerebellar function, the patterns of agonist and antagonist activity are distinct from the patterns seen in subjects with dystonia. In other cases of ataxia, where there is a mistiming and prolongation of antagonist activity, there is a potential overlap in the patterns of muscle activity produced in both these movement disorders. Ataxia of increasing severity that may result from an abnormal gain of cerebellar function may therefore be viewed in a continuum that includes dystonia.
Mechanism for Cerebellar Dystonia
Encoding of information by specific cerebellar firing patterns remains debated [65] . Assuming that firing frequency is an important mode of information coding by cerebellar neurons, co-contraction of agonists and antagonists, with premature onset of antagonist activity would be possible under the following scenarios. A uniform increase in baseline firing rates of cerebellar nuclear neurons either from an increase in intrinsic excitability or synaptically, or increased firing synchrony would result in the interruption of the normal activity related signal separation for agonists and antagonists. Alternatively, a developmental or acquired "miswiring" of the cerebellum may result in input that converges onto cerebellar nuclear neurons that no longer respects the normal separation of signals from agonist and antagonist muscle groups (Fig. 2) . Normally, a distinct patch of granule cells simultaneously excite one set of PCs with inhibition of flanking sagittally oriented PCs [29] , allowing for the simultaneous reciprocal control of agonist and antagonist muscle groups. Disruption of this "surround inhibition" would potentially allow for simultaneous activation of agonist and antagonist muscle groups (Fig. 2) . PC synchrony has been postulated to regulate the response of cerebellar nuclear cells to PC inputs [66] [67] [68] . Additionally, increased synchrony of PCs has been suggested to increase cerebellar nuclear firing frequency [68] . Although it is not clear how important PC firing synchrony is in setting cerebellar output in normal cerebellar processing, factors that globally increase PCs synchrony could abrogate the normal separation of signals from agonist and antagonist muscle groups and would therefore be expected to contribute to coactivation of agonists and antagonists. Under all three scenarios outlined above, there would also be more widespread activation of muscle groups explaining the phenomenon of overflow. An important additional consideration is that as dystonia is exacerbated by voluntary movement, a model of cerebellar dystonia takes this into account. This stipulation would be satisfied if the abnormalities in cerebellar activity are driven by the same signals that the cerebellum receives as part of normal motor activity.
Examination of the existing animal models of dystonia is informative to determine whether this model could explain the observed changes in physiology in cerebellar dystonia. In the genetically dystonic rat, a physiologically well-characterized model of cerebellar dystonia [24] , single-unit recordings from the cerebellar nuclei in the awake dystonic rat showed frequent, short bursts of increasing frequency, and rhythmicity with increasing postnatal age [69] . Although cross correlations and synchrony between different units could not be assessed in these studies, the uniformity of the responses in different cerebellar nuclear units would be consistent with the idea of a uniform output signal from the cerebellum for downstream agonist and antagonist muscle groups. In brain slices from a mouse model of gait dystonia, an increase in firing frequency of cerebellar nuclear neurons was observed [70] . In a mouse model of rapid-onset dystonia-Parkinsonism, when mice developed intermittent dystonic postures, there was a tight correlation between dystonic postures and an increase in amplitude of cerebellar electroencephalography (EEG) activity [44] . As an increase in amplitude of signals on surface EEG is thought to represent widespread neuronal synchronization and signal oscillation in a widely coordinated manner [71] , it would imply that increased synchronized activity in the cerebellum accompanies dystonia in this model. Finally, in the tottering mouse model of dystonia, where ataxia but not dystonia is present between episodes of prominent generalized dystonia, an increase in variability in the firing pattern of PCs is found [61] . Flavoprotein autofluorescence optical imaging demonstrates transient, low-frequency oscillations in the cerebellar cortex of tottering mice in the nondystonic periods. During dystonia, oscillations are also present in the EMG activity, and this becomes significantly coherent with the oscillations in the cerebellar cortex [72] . These data suggest that the inability of cerebellar nuclear neurons to separate signals intended for specific muscle groups, is associated with abnormal movements in mice similar to human dystonia.
Recently, a structural and functional interaction between the cerebellum and basal ganglia has been identified [43, 44] . In a mouse model of rapid-onset dystonia-Parkinsonism, aberrant cerebellar activity may cause dystonia by dynamically forcing the dysfunction of the basal ganglia [44] . As the role of the basal ganglia in causing dystonia is well established, the interaction between the cerebellar and basal ganglia systems provides a unifying mechanism to explain how each of these two brain regions can interact to contribute to the development of dystonia.
Conclusions and Future Directions
Cerebellar ataxia and dystonia have distinct physiological correlates. Patterns of activation of agonist and antagonist muscles during motor tasks reveal that dystonia and ataxia share several important similarities including prolongation of agonist activity and mistimed antagonist activity. Cerebellar ataxia may have two distinct underlying mechanisms and result from either a gain or loss of cerebellar function. The pattern of muscle activity, in human subjects with ataxia that is presumed to result from a loss of cerebellar function, is distinct from the pattern seen in subjects with dystonia. In a subset of subjects with cerebellar ataxia, however, the patterns of agonist and antagonist activity overlap with that seen in subjects with dystonia. These subjects may represent an ataxia resulting from a gain of cerebellar function. Ataxia of increasing severity that may result from an abnormal gain of cerebellar function may therefore be viewed in a continuum that includes dystonia. Dystonia of cerebellar origin must represent an inability of cerebellar output to correctly distinguish signals intended for agonist and antagonist muscles, which would explain co-contraction and overflow. In models of dystonia, presumed to be of cerebellar origin, this could be examined by simultaneous recordings from multiple PCs or nuclear neurons to determine whether there is increased synchrony during dystonic episodes. Although the role of synchrony in normal cerebellar processing is uncertain, alterations in synchrony represent a hypothetical mechanism for cerebellar dystonia. Optogenetic manipulation and synchronization of PCs and/or cerebellar nuclear neuron firing should also help clarify the role of the cerebellum in dystonia. A developmental or acquired "miswiring" of the cerebellum could be assessed by determining the pattern of excitation and flanking inhibition of PCs by distinct patches of granule cells in dystonic models. In summary, cerebellar ataxia that represents an abnormal gain of cerebellar function, may overlap with dystonia of cerebellar origin, but further studies are needed in defined human subjects and animal models to demonstrate that this is the case. 
